Under different exploitive conditions, the humidity levels of the backfill stopes are not the same. Humidity greatly affects the strength and microscopic characterization of the backfill. Cemented paste backfill (CPB) specimens were cured using 0, 30, 70% and standard curing (20°C, 99%) under four different humidity conditions. At 28 days, nuclear magnetic resonance (NMR) and scanning electron microscopy (SEM) techniques were used to obtain the microscopic features of the CPB specimens. The relationships between the permeability and uniaxial compressive strength (UCS) of the CPB specimens, and the microscopic characteristics of the CPB specimens, were established. The results showed the following: (i) The permeability of the CPB had an exponential functional relationship with its stone powder content. (ii) The stone powder content of CPB and the peak area of the T 2 spectrum are negatively correlated with the UCS. However, there was a T 2 peak area corresponding to the worst UCS with the same stone powder content. (iii) The peak area of the T 2 spectrum showed that the proportion of area of a small pore size was more than 80%, indicating that the pore size was mainly small. The pore diameter of small pores was linearly and inversely proportional to the UCS of the specimens. It can be found that the factors affecting the strength characteristics of CPB include not only the stone powder content, but also the curing conditions of different humidity.
Introduction
A filling mining method has been widely used in metal mining and is playing an important role in the development and use of mining resources. At present, the backfill used in the cemented filling mining method mainly uses tailings as the aggregate and cement as the cementing material [1] . The microstructure of such filling materials can affect the strength characteristics, and their interrelationships have led to extensive research in academia. Nuclear magnetic resonance (NMR) techniques can be used to study the distribution characteristics and evolution of water during the early hydration process of filling slurry and the variation law of the pore size distribution over time in cemented paste backfill (CPB) specimens [2, 3] . Liu et al. [4] used NMR and scanning electron microscopy (SEM) to characterize the pore structure of backfill specimens and studied the relationship between the uniaxial compressive strength (UCS) and the pore characteristics of CPB. However, with the increase of various solid wastes and the high cost of cement, some scholars have done a lot of research on the disposal of wastes, which are mainly used to replace cement as a cementitious material [5, 6] . However, this will reduce the strength of CPB. In order to increase the strength of CPB, a lot of research has been done [7] [8] [9] .
The hydration of cement is affected by the level of humidity. In different stopes of underground mines, the environmental humidity is not the same. Humidity affects the hydration of CPB, which affects the strength characteristics of the CPB. There are some scholars who have studied the concrete curing humidity [10, 11] , but there are few studies on the curing humidity of CPB. Ma [12] found that, by studying the compressive strength of concrete specimens under constant temperature and different humidity conditions, it can be seen that the strength increases with an increase in the curing humidity. Under the different curing conditions of the mine, the influence in the hydration reaction of the backfill on the strength differs. Xiong [13] found that, with the slow increase of the downhole temperature, the compressive strength and elastic modulus of the backfill will gradually decrease. Xu et al. [14] found that, with an increase in temperature, the strength and elastic modulus of the cracked tailing backfill first increases and then decreases. However, they only studied the effect of temperature on the backfill and did not involve the effect of humidity. Gan et al. [15] found that, under the same curing age, the strength of the specimens in the downhole curing was lower than that under the standard curing conditions. However, the authors used too few control groups for the study on the curing humidity, and their research was not comprehensive.
In contrast with the above, the hydration reaction of cement in CPB under different humidity conditions, particularly the backfill in the replacement using stone powder cement, must have its own law. CPB specimens were prepared from tailings, stone powder and cement. After the same period (21 days) of curing, an impact test of the macroscopic and microscopic characteristics and the mechanical properties of the CPB specimens was carried out by curing the CPB specimens under different humidity environments for 7 days. NMR technology and a uniaxial compression test were used to explore the effects of humidity on the macroscopic and microscopic characteristics and mechanical laws of CPB.
Material and methods

Materials
The test materials included tailings as the aggregate and cement and stone powder as the cementitious materials. The experimental tailings were taken from mineral processing discharge products from the concentrator at Gaofeng Mine in Guangxi Province, China. The stone powder was taken from a quarry near the Gaofeng Mine in Guangxi Province, China. The basic properties of the above experimental materials were analysed using a laser particle sizer (Mastersizer 2000), X-ray fluorescence spectrometer and X-ray diffraction to determine the particle size distribution (figure 1) and physico-chemical properties (table 1). The cement was ordinary Portland cement, which was produced at the Changsha Xinxing Cement Factory. The chemical composition of cement is shown in table 2. Tap water was applied as the experimental water.
Experiment methods
Experimental design scheme
Tailings were used as backfill aggregates, and ordinary Portland cement and stone powder were used as the cementitious materials. In this study, stone powder cement tailings ratio (SPCTR) refers to the ratio of royalsocietypublishing.org/journal/rsos R. Soc. open sci. 6: 191227 stone powder and cement to the tailings. The SPCTR and mass fractions (MFs) were set to 1 : 3 and 73%, respectively. A control experiment was conducted on different ratios of stone powder and cement. According to the research by Feng & Sun [16] and Liu [17] , at 21 days, the hydration reaction of most of the cement in the cement-containing cementitious materials was completed owing to the influence of moisture in the material. After 21 days, a rehydration reaction of the material occurred owing to the influence of moisture in the environment. A scheme regarding the influence of environmental humidity on a cement rehydration reaction was designed. The design of this experiment includes an initial standard curing for 21 days followed by curing for 7 days under different humidity conditions. The manufacturing and curing processes of the CPB specimens were as follows: Various raw materials were weighed according to the designed ratio and they were placed in a mixing bowl and mixed well by a mixer. Different ratio mortars were made into standard specimens using Ф50 mm × 100 mm cylindrical moulds. According to the content of the stone powder, the specimens were divided into eight groups (labelled as A1-A8) from low to high, and each ratio was 18 pieces, with 144 blocks in total. Each set of specimens was divided into six categories according to the curing and disposal conditions, with three pieces each, labelled C1-C6. They were initially co-cured for 21 days under 99% humidity and in a 20°C curing box. After 21 days of curing, they were processed according to the six design conditions. The specific curing conditions are shown in table 3. In table 3, A1-A8 of C5, and C6 were placed in the original curing box for 7 days of curing, and then those of C5 were subjected to saturated water treatment (recorded as C5A1-C5A8) and those of C6 were subjected to saturated water treatment and centrifugation (recorded as C6A1-C6A8). The curing temperature of all samples above is 20°C. The experimental ratios are shown in table 4.
Experimental test process
(1) NMR test: An NMR analysis was conducted using MesoMR23-060H. Parameter settings are shown in table 5 . The cured specimens were tested by NMR. The NMR T 2 spectrum was obtained using NMR analysis software, and the area of the T 2 spectrum, the area of each peak and its proportion were calculated. Of these, the permeability parameter of samples subjected to saturation and centrifugation could be obtained by NMR. tested by the UCS test machine. The UCS value was obtained through a force measurement system analysis.
(3) SEM test: SEM was applied using a Quanta-200. We took cubic specimens with a side length of 5 mm from the centre of the specimens, and removed the dust from the surface; a metal conductive film was then applied on the vacuum coater, and finally a magnification of 5000x was set for electron microscopy to select the appropriate image. The experiment process is shown in figure 2.
Analysis results
NMR T 2 spectrum distribution
The distribution of the T 2 value represents the pore size distribution for samples which are saturated [18] . The transverse relaxation time T 2 of the NMR reflects the pore size; that is, the smaller the T 2 value, the smaller the pore diameter. Similarly, the larger the T 2 value, the larger the pore diameter. The number of pores that transverse the relaxation time of the peak value corresponds to the largest pore size [19] . The This indicates that, after 21 days, a rehydration reaction had taken place. The higher the curing humidity, the larger the most probable pore size of the small pores. It was proved that the greater the environmental humidity, the more capillary water occurring in the CPB specimens, providing more moisture to accelerate the cement rehydration reaction. The cement rehydration reaction was accelerated, resulting in numerous porous and large-pore-sized hydration products. Under the same humidity condition, the first peak of all specimens was significantly higher than the second peak, indicating the largest number of small pores in the specimens. Under dry conditions, the first peak is between 100 and 200 a.u.; under 30% humidity, the first peak value is between 200 and 600 a.u.; under 70% humidity, the first peak value is between 600 and 1000 a.u.; under 99% humidity, the first peak value is between 800 and 1300 a.u.; whereas after water saturation, the first peak value is between 1300 and 1600 a.u.; and after water saturation and centrifugation, the first peak value is between 200 and 600 a.u. This indicates that the greater the humidity, the greater the number of small pores. There are two reasons for this. The first is that the greater the environmental humidity, the more capillary water and gel pore water that occurs in the CPB specimens, resulting in an increase in the water content of the small pores in the specimens. The second is that the greater the humidity, the faster the cement hydration reaction. The hydration product fills the pores of the specimens, resulting in smaller pores. The first peak value after centrifugation is not significantly different from the first peak value under 30% humidity, whereas the second peak value is smaller than the second peak value under 30% humidity, indicating that centrifugation not only caused all pores to lose moisture but also caused large pores to lose more moisture.
T 2 spectrum peak area
The area of the NMR T 2 spectrum is in direct ratio with the water content in the specimens [4, 19] . Table 6 shows the total peak area of the T 2 spectrum, the area of each peak and its proportion in each specimen under different humidity curing conditions and stone powder content. It can be seen that the higher the content of stone powder in the specimens, the smaller the total area of the T 2 spectrum under the same humidity. This indicates that an increase in the stone powder amount in the specimens leads to an accelerated cement hydration reaction, which consumes more water in the specimens, resulting in a decrease in their moisture content. Under the same stone powder amount, the greater the curing humidity, the larger the total area of the T 2 spectrum of the specimens. This indicates that the more environmental moisture that occurs, the more pore water in the specimens. The amount of water consumed by the cement hydration reaction is lower than the increase in pore water, resulting in an increase in water content in the specimens. The first peak area was between 80 and 99% of the total area, indicating that the pores in the specimens were mostly small. This occurs because the cement hydration reaction produces many fine hydration products, filling in the pores of the specimens, resulting in smaller pores (which occurs because, in cement hydration, the pores are filled by fine hydration products). Under the same humidity, the proportion of the first peak area decreased with the increase in stone powder content. The proportion of the second peak area increased with an increase in the stone powder content. This indicates that the consumption of the capillary water is larger than that of the macroporous water, which proves that the increase in the stone powder content in the specimens will accelerate the cement hydration reaction. Cai [20] also found a phenomenon in that stone powder will accelerate the cement hydration reaction when studying stone powder concrete. Under the same powder content, from 0 to 70% humidity, the proportion of the first peak area gradually increased, and the proportion of the second peak area gradually decreased. This indicates that, with an increase in humidity, the water evaporated in the large pores consumes more water than the cement hydration reaction in the capillaries. However, when the humidity reaches 99%, the proportion of the first peak area is not increased, but is rather decreased, and the proportion of the second peak area is not reduced but increased. This shows that, when the environment reaches a certain level of humidity, the evaporation of water in the large holes will slow down. A4 under 30% humidity, A3 under 70% humidity and A4 under 99% humidity showed some abnormalities. Figure 4 shows the UCS of specimens with eight different stone powder contents under four different humidity curing conditions. A pressure of 1.4 MPa is the basic requirement to meet the strength of the mine (Gaofeng Mine) backfill [21] . Because the strength of the saturated water specimens was too low, the strength was not tested. It can be seen from figure 4 that, under the same humidity conditions, the strength tends to decrease as the amount of stone powder increases. Li [22] also found a similar phenomenon in that excessive stone powder content leads to a reduction in strength when studying stone powder concrete. There are two reasons for this phenomenon. On the one hand, the stone powder absorbs some of the free water and reduces the amount of cement slurry in the specimens, resulting in a decrease in the adhesion between aggregates. On the other hand, the increase in the amount of stone powder in the specimens causes the gradation to become unreasonable, resulting in a weakening of the skeleton effect of the cement slurry and the aggregate. Clearly, the greater the humidity, the lower the strength because, when the humidity is too high, more moisture occurs between the particles. A disassembly pressure was generated, and the force of bonding matter was reduced; thus, the CPB was loosened, reducing the UCS of the CPB. When the stone powder content is the same, the UCS decreases as obviously as the humidity increases. It shows that the moist environment seriously affects the UCS. Although the moist environment could promote the hydration reaction, at this time, the moisture content is a decisive factor affecting the strength, which results in a decrease in the strength of CPB.
Strength characteristics
Discussion and analysis
Permeability
Permeability is a physical quantity used to characterize the ability of porous media materials to transport liquids, obtained by Coates model in NMR, the size of which determines the quality of the permeability. The permeability of the backfill is directly related to the water secretion ability of the filling slurry, and is one of the important properties of the backfill. To be able to drain the moisture in the backfill faster, reduce the stopping cycle and reduce the pressure on the retaining wall and filtering well, the mine needs a suitable permeability of the backfill [23] . Therefore, it is important to study the permeability. Here, the permeability of the hardened specimens was obtained using saturated water and centrifugation processing (i.e. C6A1-C6A8). Figure 5 shows the relationship between the permeability of the CPB specimens and the amount of stone powder. The permeability of the CPB specimens exponentially decreases with the amount of stone powder. This relationship is as follows:
where y represents the permeability (mD), and x represents the amount of stone powder in the cemented backfill specimens (%). There are two reasons for this relationship. First, the stone powder can accelerate the hydration reaction of the cement to form finer products, and thus the porous medium contained finer particles, the internal structure became denser and the porosity became smaller, resulting in a poor permeability of the backfill. Second, the stone powder particles were small, filling in the voids in the specimens and reducing the porosity, resulting in a poor permeability of the CPB.
Relationship between UCS and pore size distribution
Regarding the value of UCS, many factors affect the UCS of the CPB. The pore size in the CPB was one of the influencing factors [24] . In §3.2, it was mentioned that the first peak area accounted for more than 80% of the total area. Here, the influence of the pore size of the small pores on the strength of the where T 2 represents the total transverse relaxation time (ms), r represents the pore radius (μm), F s represents the pore shape factor (for spherical pores, F+ = 3, and for tube bundle pores, F s = 2), and ρ 2 represents the transverse surface relaxation strength (μm ms −1 ), S represents the pore surface area (cm 2 ), V represents the pore volume (cm 3 ). So according to equation (4.2), the pore radius could be expressed as r % F s r 2 T 2 : ð4:3Þ
The peak area of the first peak in the T 2 spectrum has a direct ratio with the water amount of the pores. The water amount of the pores is a direct ratio with the number of small pores, and thus the peak area of the first peak reflects the number of small pores. The ratio of the T 2 spectral area (ds) between the two adjacent T 2 values (t 1 and t 2 ) in the first peak of the T 2 spectrum and the total area (S) of the first peak reflects the ratio of the pore size (r) corresponding to the intermediate T 2 (T 2 ) value of the above two adjacent T 2 values to the total number of small pores (R). WAT 2 schematic diagram is shown in figure 6. Using the above ratio, the weighted average transverse relaxation time (WAT 2 ) is calculated based on the weighted average of the transverse relaxation time of the first peak of the T 2 spectrum, and the relationship between the pore size and the UCS is then obtained using WAT 2 . The relationship between WAT 2 and the UCS of the specimens is shown in figure 7 . It can be seen that WAT 2 is linearly and inversely proportional to the UCS of the specimens, and its relationship is as follows:
where y represents UCS (MPa) and x represents WAT 2 (ms). As WAT 2 increases, the UCS decreases. This phenomenon also occurred when Zhu et al. [25] studied silicon powder cement. The larger the WAT 2 , the larger the pore size and the worse the compactness of the backfill, resulting in a decrease in the UCS of the specimens. Figure 7a ,b show SEM images (10 000×) for the A2 and A7 specimens under 70% humidity, respectively. The binarization image can well reflect the distribution of pores. Binarization mainly uses threshold greyscale segmentation to transform the solid phase and pores in the image into black and white regions. The principle is
where T is the threshold grey scale. By the binarization function, the pixel points, whose grey values are lower than T, are set to 0, that is, the black point (solid phase) and the pixel points, whose grey values are higher than or equal to T, are set to 1, that is, white point ( pore). It can be seen from figure 8 that the CPB is formed by a large number of acicular substances forming a loose network structure, such that a large number of pores appear, and the pores are distributed in different shapes and quantities and the pore size distribution is not uniform [26] , the ability for the pore structure to resist external forces was reduced. The larger the pore size, the lower the resistance; the looser the structure, the worse the compactness of the CPB and the lower the strength in terms of the macro-performance. By comparing the two images, it can be seen that the higher the stone powder content, the smaller the pore size. This occurs because the stone powder particles are small and fill in the pores in the specimens, resulting in smaller pores. This indicates that the stone powder can refine the pore structure to a certain extent.
Relationship between UCS and NMR T 2 spectrum area
The area of the NMR T 2 spectrum can reflect the amount of fluid contained in the specimens [18] . Figure 9 shows the relationship between the T 2 spectral area and the UCS. It can be seen from the figure that under the same amount of stone powder, the UCS decreases initially and then increases with the increase in the spectral area. This indicates that excessive humidity is not necessarily harmful to the strength. The declining trend in the front section occurs because the hydration products of the previous cement fill in most of the pores, and no more space is available to accommodate the new hydration products produced during the later stage. However, as the amount of water in the specimens increases, the cement hydration reaction still accelerates. The hydration product causes pressure on the CPB to reduce the strength. Feng et al. [27] also found a similar phenomena when studying concrete. An increasing trend at the back end indicated that carbonic acid in the moisture reacted with the hydration product CH: Ca(OH) 2 + CO 2 + H 2 O → CaCO 3 + 2H 2 O [28] . This occurred because the water in the specimens came from tap water, which contained CO 2 and reacted with water to form carbonic acid. As the moisture content in the specimens increased, the amount of carbonic acid also increased. When a certain amount of carbonic acid was reached, the carbonic acid reacted with the hydrated product CH, reducing the CH in the specimens to increase the strength. In addition, when the content of the stone powder was the same, there was a T 2 peak area with the worst UCS, which indicated that, when the water content reached a certain amount, the cement hydration reaction rate reached the maximum and the hydrated product had the fastest production rate and the largest pore diameter, resulting in the lowest strength.
Conclusion
There are many factors that affect the strength of CPB, and the curing environment with different humidity is one of them. In order to analyse the strength characteristics and microstructure of CPB, the pore characteristics, microstructure and strength characteristics of CPB were tested using NMR, SEM and a single-axis compressor in this study. The permeability, UCS, relationship between the UCS and pore size and the moisture content of the specimens were analysed.
(1) There are two peaks shown in the NMR T 2 spectrum distribution. The first peak area accounts for 80-99% of the total area. The first peak is significantly higher than the second peak, indicating that the specimens are mostly small pores. As the curing humidity increases, the T 2 value of the peak and the proportion of the area of the first peak all gradually increase, indicating that the pore size and proportion of small pores increase. Under the same curing humidity conditions, the UCS of the specimens decreases with an increase in the amount of stone powder. It was found through an analysis that the UCS of the specimens is linearly and inversely proportional to the pore size of the small pores, the main reason for which is that both the hydration product and the stone powder change the pore size, thus changing the compactness of the CPB. (2) As the amount of stone powder in the specimens increases, the internal structure of the specimens becomes denser and the porosity becomes smaller, resulting in a decrease in exponential permeability. (3) Under the same stone powder content, the strength of the specimens first decreases and then increases with an increase in the water content. The main reason for the turning of the specimen strength is the consumption of the CH in the hydration product and conversion into CaCO 3 .
Although this research has achieved some outcomes, there are still some limitations, such as various measurement errors. And this study needs further research, such as the co-effect of temperature and humidity changes on CPB. However, this research is still very meaningful. The use of stone powder instead of cement can effectively reduce the filling cost. The research on the influence of curing humidity on CPB can provide guidance for CPB in different stopes to meet the requirements of mines.
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